Aims. The purpose of this paper is to detect and investigate the nature of long-term radial velocity (RV) variations of K-type giants and to confirm planetary companions around the stars. Methods. We have conducted two planet search programs by precise RV measurement using the 1.8 m telescope at Bohyunsan Optical Astronomy Observatory (BOAO) and the 1.88 m telescope at Okayama Astrophysical Observatory (OAO). The BOAO program searches for planets around 55 early K giants. The OAO program is looking for 190 G-K type giants. Results. In this paper, we report the detection of long-period RV variations of three K giant stars, HD 40956, HD111591, and HD113996. We investigated the cause of the observed RV variations and conclude the substellar companions are most likely the cause of the RV variations. The orbital analyses yield P = 578.6 ± 3.3 d, m sin i = 2.7 ± 0.6 M J , a = 1.4 ± 0.1 AU for HD 40956; P = 1056.4 ± 14.3 d, m sin i = 4.4 ± 0.4 M J , a = 2.5 ± 0.1 AU for HD 111591; P = 610.2 ± 3.8 d, m sin i = 6.3 ± 1.0 M J , a = 1.6 ± 0.1 AU for HD113996.
Introduction
Planetary formation around normal stars involves complex processes that depend on various stellar properties: stellar mass, metallicity, radiation flow of central stars, the host star's environment, binarity, and so on. An understanding of the planetary formation can be done only if the effects of these stellar parameters are disentangled. To do this it is necessary to search for planets around stars with a wide range of stellar properties (especially stellar mass). However, the majority of exoplanets have been detected around solar-type main sequence stars by radial velocity (RV) and transit methods.
Fifteen years ago, we had only limited knowledge about exoplanets around intermediate-mass stars with stellar masses of more than 1.5 M ⊙ . The intermediate-mass main sequence stars are not suitable targets for precise RV measurements because they have few absorption lines that are often broadened due to high stellar-rotation rates. Although some precise Doppler surveys searching for planets around intermediate-mass stars had been conducted, we didn't know how each process in the plan-⋆ Based on observations made with the BOES at BOAO in Korea and HIDES at OAO in Japan. ⋆⋆ Corresponding author : B. -C. Lee etary formation depends on the stellar mass larger than 1.5 M ⊙ . However, recently, the Doppler surveys of G-and K-type giant stars located in the red clump on the H-R diagram have uncovered the properties of planetary systems around intermediatemass stars because the giants are evolved intermediate-mass stars with slower rotations and lower temperatures suitable for precise RV measurements (e.g., Sato et al. 2012) .
Beginning with the first hints of possible planets around K giant stars (β Gem) found by Hatzes & Cochran (1993) , the discovery of the giant planet around ι Dra by Frink et al. (2002) is largely considered as the first confirmed planet around a giant star. The number of planets orbiting giant stars is increasing and more than 95 planets have been detected so far. Stellar properties of the planet-hosting giants have been understood with a significantly large sample. Based on a Doppler survey of 373 G-and K-type giants, Reffert et al. (2015) found that the planet occurrence rate of intermediate-mass stars depends on stellar masses, and the rate reaches its maximum at a stellar mass of 1.9 M ⊙ and drops off at stellar masses of more than 2.7 M ⊙ . They concluded that no giant planet has been found around stars more massive than 2.7 M ⊙ and suggested that the giant planet formation and/or inward migration in protoplanetary disks are sup-pressed for more massive stars because of fast disk depletion and/or the long migration time scale of giant planets.
The photometric transit method may be more favorable for Jupiter-type exoplanet detection around rapidly rotating earlytype stars. However, only five planets have been found around F-and A-type stars; WASP-33 (Collier Cameron et al. 2010 ), KOI 13 (Ford et al. 2011 ), HAT-P-57 (Hartman et al. 2015) , HAT-P-67 (Zhou et al. 2017) , KELT-17 (Zhou et al. 2016 ) and KELT-9b (Gaudi et al. 2017) , and some of them have been confirmed by the spectroscopic transiting method using Doppler Tomography. Thus, the most significant planet searches for giant planets around intermediate-mass stars are precise Doppler surveys of evolved giant stars.
Since 2003, we have been carrying out a precise RV survey of 55 K0-K4-type giants to investigate RV variations of K giant stars and to search for planets around the stars (Han et al. 2008 (Han et al. , 2010 using the 1.8 m telescope at Bohyunsan Optical Astronomy Observatory (BOAO) and the Bohyunsan Observatory Echelle Spectrograph (BOES). To date we have discovered nine planet candidates around K giant stars (e.g., Lee et al. 2014a) .
The East-Asian Planet Search Network, EAPS-Net (Izumiura 2005 ) is an international collaboration to search for planets around intermediate-mass G-and K-type (sub)giants using the 2 m-class telescopes in China, Japan, and Korea. In the framework of the EAPS-Net, the Korean-Japanese planet search program has been performed using the 1.8 m telescope at BOAO and BOES in Korea and the 1.88 m telescope at Okayama Astrophysical Observatory (OAO) and the HIgh Dispersion Echelle Spectrograph (HIDES) in Japan (Omiya et al. 2009 (Omiya et al. , 2012 . In the program, 80 and 110 giants have been monitored at BOAO and OAO, respectively. We have also made intensive follow-up observations for candidate stars at both observatories to determine orbital parameters. This paper is organized as follows. In Section 2, we describe the RV observations using the BOAO and OAO telescopes. Stellar properties and orbital solution of the planets are presented in Sections 3 and 4. In Section 5, we investigate the cause of radial velocity variations by HIPPARCOS photometry, chromospheric activity, and line shape analysis. Section 6 contains the summary and conclusion of this paper.
RV Observations

BOES observations
At BOAO, we have performed spectroscopic observations using the 1.8 m telescope and the Bohyunsan Observatory Echelle Spectrograph (BOES; Kim et al. 2007) , which is a fiber-fed high-resolution echelle spectrograph. Using the BOES, we collected 22, 24, and 64 data points for HD 40956, HD 111591, and HD 113996, respectively. The data of HD 40956 and HD 111591 were obtained with the 200 µm fiber, giving a spectral resolution of 45,000. The typical exposure time of the observations is around 20 minutes, which can achieve a signal to noise ratio (S/N) of more than 150. HD 113996 was observed by the 80 µm fiber, giving a spectral resolution of 90,000. The average exposure time was 8 minutes to get a S/N of about 150.
One-dimensional (1D) spectra were extracted from the twodimensional (2D) raw frames using standard Image Reduction and Analysis Facility (IRAF) procedures for bias subtraction, flat fielding, scattered light correction, spectrum extraction, and ThAr wavelength calibration. Precise RV measurements were performed by the program RVI2CELL (Han et al. 2007 ). The long-term RV accuracy of BOES is about 7 m s −1 which is estimated by long-term monitoring of a RV standard star τ Ceti (Lee et al. 2013) . We also use a pure high-resolution spectrum taken without the I 2 cell by BOES to determine stellar parameters.
HIDES observations
We also made RV observations of HD 40956 and HD 111591 in the framework of the Korean-Japanese planet search program using the 1.88 m telescope and the HIgh Dispersion Echelle Spectrograph (HIDES, Izumiura 1999 , Kambe et al. 2013 ) at OAO. In December 2007, HIDES CCD system was upgraded from a single 2k x 4k CCD to a mosaic CCD system (three 2k x 4k CCDs) covering a wide wavelength range of 3800-7500 Å, which is three times larger than before. Although we made the observations using a slit mode of the HIDES until 2011 (HIDESslit), HIDES was also upgraded to add a fiber-fed mode using a fiber-fed system attached to the Cassegrein focus of the telescope (HIDES-fiber). For precise RV measurements of our targets, we used an I 2 cell put in front of the slit and the fiber entrance for HIDES-slit and HIDES-fiber modes, respectively . We set a slit width at 0.76 arcsec, giving a spectral resolution of 63,000 when we used the HIDES-slit mode. Using the 100 µm fiber of the fiber-fed mode, we get a spectral resolution of 50,000. Typical exposure times of the observations of HD 40956 and HD 111591 at OAO are 25 and 15 minutes with HIDES-slit and HIDES-fiber modes, respectively, achieving S/Ns of about 170.
Reduction of the HIDES data was done using software packages of the IRAF. The standard reductions of bias subtraction, flat-fielding, order extraction, wavelength calibration, and so on, were performed on each frame. Stellar RV measurements were performed with a modeling technique using an I 2 superposed stellar spectrum detailed in Sato et al. (2002) based on a method of Butler et al. (1996) . Stellar templates were made by deconvolutions from pure stellar spectra taken without the I 2 cell with instrumental profiles estimated from I 2 superposed flat spectra (Sato et al. 2007) . Typical errors of the RV measurements are about 3.5-6 m s −1
. We obtained 36 and 20 spectra for HD 40956 and HD 111591, respectively.
The RVs of each star derived from BOES and HIDES data are listed in Tables 3, 4 , and 5.
Stellar properties
The stellar properties of HD 40956, HD 111591, and HD 113996 are summarized in Table 1 . Visual magnitude (m v ) and parallax (π) were adopted from van Leeuwen (2007) revised from the HIPPARCOS catalog (ESA 1997). The atmospheric parameters (effective temperature T eff , Fe abundance [Fe/H], surface gravity log g, and microturbulent velocity micro ) were derived by the TGVIT program, which uses equivalent width (EW) of Fe I and Fe II lines. The projected rotational velocity rot sin i was estimated by Takeda et al. (2008) . The spectral type, RV, and luminosity of these stars were obtained from Anderson & Francis (2012) . The stellar radius, mass, and age of each star were calculated by the method of da Silva et al. (2006) .
HD 40956 is a K0-type star with an effective temperature of 4869 ± 28 K, a stellar luminosity of 46.17 L ⊙ , and a metallicity [Fe/H] of 0.14 ± 0.05. It seems to be located on the red clump on the H-R diagram. 0.14 ± 0.05 0.07 ± 0.04 0.13 ± 0.08 3 log g (cgs)
3.02 ± 0.09 3.10 ± 0.10 1.86 ± 0.16 3 micro (km s −1 ) 1.20 ± 0.10 1.23 ± 0.11 1.53 ± 0.14 3 Age (Gyr)
1.35 ± 0.18 1.41 ± 0.14 3.24 ± 1.20 3
8.56 ± 0.33 8.03 ± 0.49 25.11 ± 1.20
2.00 ± 0.08 1.94 ± 0.07
46.17 38.07 291.00 2
158.9 130.5 389.9 3
References.
- (1) HD 111591 is a K0 III-type giant star with an effective temperature of 4884 ± 30 K, a stellar luminosity of 38.07 L ⊙ , and a metallicity [Fe/H] of 0.07 ± 0.04.
HD 113996 is a K5 III-type giant and slightly later than the previous two stars. The star has an effective temperature of 4181 ± 40 K, a stellar luminosity of 291 L ⊙ , and a metallicity [Fe/H] of 0.13 ± 0.08; it appears to be located on the RGB branch on the H-R diagram. The rotation velocity is estimated to be 3.3 ± 0.5 km s 
Orbital solutions
Assuming that the RV variation is caused by Keplerian orbital motion by unseen companions, we calculated the orbital parameters using the iterated non-linear least-squares method. During the orbital solution, we included the offset between BOES and HIDES RVs as an unknown parameter. If the RV showed linear variation, we also included a linear slope as an unknown parameter. The parameters of orbital solution are summarized in Table 2 .
HD 40956
The RVs of HD 40956 are listed in Table 3 and shown in Figures  1 and 2 . A periodic variation is clearly seen in the RV plot. We . This is not surprising, because most K giant stars show several tens m s −1 of intrinsic RV variation Hekker et al. 2006) .
There seems to be small periodic variation in the residual as can be seen from the bottom panel of Figure 1 d (Fig. 3) . The 352-day period may be real or alias due to observation bias. As can be seen from Figure 4 , most of observations concentrate into one-half of the whole phase for 360-day periodicity. Therefore, we cannot determine the reality of the 352-day period at this stage. Adopting the stellar mass of 2.0 M ⊙ , a minimum mass and a semi-major axis of the orbiting companion are estimated: m sin i = 2.7 M J , a = 1.4 AU.
HD 111591
The RVs of HD 111591 are shown in Figure 5 . A periodic variation is clearly seen in the RV measurements. We performed a L-S period analysis and found a significant peak around 1056 d in the periodogram. The orbital fit yields a period of P = 1056.4 ± 14.3 d, a semi-amplitude of K = 59 ± 3 m s
, and an eccentricity of e = 0.26 ± 0.10. The rms of the RV residuals after the removal of the 1056 d orbital motion is 21.9 m s −1 . The residual does not show any significant periodicity (Fig. 7) . Adopting the stellar mass of 1.9 M ⊙ , a minimum mass and a semi-major axis of the orbiting companion are estimated: m sin i = 4.4 M J , a = 2.5 AU. 
HD 113996
The RVs of HD 113996 are shown in Figure 8 . We performed a L-S period analysis and found a significant peak around 610 d. The orbital fit yields an orbital period of P = 610.2 ± 3.8 d, a semi-amplitude of K = 120 ± 9 m s −1
, and an eccentricity of e = 0.28 ± 0.12. The rms residual after the orbital fit is 39.3 m s −1 , which is larger than 21 m s −1 of HD 40956 and HD 111591. This is not surprising since HD 113996 is K5 which is later than K0 of HD 40956 and HD 111591. In general, later spectral giant stars show larger intrinsic RV variations. The residual does not show any significant periodicity (Fig. 10) . Adopting a stellar mass of 1.49 M ⊙ , a minimum mass and a semi-major axis of the orbiting companion are estimated: m sin i = 6.3 M J , a = 1.6 AU. 
Stellar activity and pulsation diagnostics
The RV variations of the stars may be due to some intrinsic nature of the stars, such as stellar pulsation, chromospheric activity, and rotational modulation of surface features. In this Section, we present the investigation of chromospheric activity, photometric, and line shape variation. We also discuss the possibility of pulsation of the stars.
Chromospheric activity
To check the stellar activity of the program stars, we show a Ca II H line of each star in Figure 11 , which is a sensitive indi- cator of chromospheric activity. As seen in Figure 11 , we could not find any significant emission in the line core of each star.
Although there seems to be a slight reversal in the core of the line of HD 113996, it is negligible compared to the line core of active star HD 201096.
HIPPARCOS photometry
To investigate the photometric variations of the stars, we used HIPPARCOS photometric data. From the HIPPARCOS catalog, we used 126, 93, and 112 photometric observations for HD 40956, HD 111591, and HD 113996, respectively. The rms scatters are 0.012, 0.011, and 0.005 mag, respectively. The rms scatter seems to be comparable to the uncertainty of photometric data which is about 0.005 to 0.008 mag. We calculated L-S periodogram of the HIPPARCOS photometric data, and could not find any periodicity consistent with the RV periods presented in Section 4.
Line-shape variation
Another technique to investigate the cause of the RV variations is to check the line-shape variations. Line-shape variations, pulsations, rotational modulation, and inhomogeneous surface features due to spots or plages. In order to investigate the lineshape variations, we calculated two quantities. One is a bisector velocity span (BVS = V top − V bottom ), which is a velocity difference between flux levels at 0.4 and 0.8 times the continuum level. The other is a velocity curvature ( ity spans in the upper half and the lower half. For the bisector analysis, we selected several lines (Ca I 6122.2, 6439.1, 6462.6, 6717.7; Fe I 6141.7, 6393.6, 6677.9, 6750.2; Fe II 6151.6; Ni I 6643.6, 6767.8; Ti I 6742.6) in the spectral region of 6000 -7000 Å, which are relatively strong and free from iodine and telluric lines (Hatzes et al. 2005; Lee et al. 2014b Lee et al. , 2015 . We performed L-S period analysis for BVS and BVC as shown in the bottom panels of Figures 3, 7 , and 10 and could not find any periodicity of line-shape variations consistent with those of the RV variations. To investigate the correlation between RV variations and line bisectors, we plotted the RVs and line bisector values in Figure 12 . Although the uncertainties of the line bisector values are large, we cannot see any clear correlation between RV and line bisector.
Pulsations
There are some K giants that are known to be pulsating stars, which have several oscillation modes at different frequencies with different amplitudes. The pulsation periods can range from hours to days depending on the radius and mass of the star. For radial pulsations, we can use the Q-constant formulae of Xiong & Deng (2007) to calculate the period, which results in P osc ∼ 0.58 d for HD 40956, P osc ∼ 0.31 d for HD 111591, and P osc ∼ 4.78 d for HD 113996. The periods for p-mode non-radial pulsations can be estimated from the scaling relationships for ν max , the frequency of maximum pulsation power, which is given by ν max ∼ 3.05 (M/R 2 ) mHz. The estimation yields P osc ∼ 3.3 h for HD 40956, P osc ∼ 3 h for HD 111591, and P osc ∼ 1.6 d for HD 113996.
All these periods are much less than the long RV periods found in this study, so we can exclude traditional oscillations as the cause of the RV variations. However some authors report pulsation periods for K and M giant stars of several hundred days; for example, Lee et al. (2016) found a 473 d periodic RV variation for M-giant binary µ UMa. They found a correlation between the RV variations and the equivalent widths of Hα and Hβ lines, and thus concluded that the detected RV variations of µ UMa are caused by non-radial pulsation. Saio et al. (2015) also found possible convective oscillation modes in three low-mass luminous red giants in LMC and the modes can be explained by sequence D pulsations. Hatzes et al.(2017, priv. comm.) found long-period variations in γ Dra possibly caused by pulsations. The mechanism of these long-period pulsation of giant stars is not well understood yet. We therefore reserve the possibility of pulsations as the cause of long-period RV variation of giant stars.
Summary and Discussion
We clearly detected long-period RV variations in three K giant stars. In order to confirm the nature of these periodic RV variations, we checked HIPPARCOS photometeric data, chromospheric activity, line-shape variations, and rotational period. These analyses do not show any clear correlation with the RV variations and the rotational periods are much shorter than the observed RV variation periods. Though we don't exclude pulsation as the cause of the RV variations, as discussed in the previous Section, we conclude that the periodic RV variations are most likely caused by substellar companions. We performed orbital analysis and found the period and companion mass; P = 578.6 ± 3.3 d, m sin i = 2.7 ± 0.6 M J for HD 40956; P = 1056.4 , which may be related to a long-period companion. The residuals, after subtracting a 578-day orbital motion, show weak 185-day periodicity. At this moment, the reality and cause of this periodicity are not clear. We need more follow-up observations to clarify these issues. We note that among the planetary systems around giant stars, some systems with two giant planets are found with orbital periods similar to a period ratio of 360 d and 580 d and stable orbits (Johnson et al. 2011 , Trifonov et al. 2014 , Sato et al. 2016 . HD 40956 of this study may add one more example similar to these planetary systems with a period of 185 d instead of 360 d.
HD 111591 has a period of 1056.4 d, which is the longest among the three stars in this study. Although this long period is comparable to the luminous Mira-type variables, taking into account the spectral type and surface gravity of this star, we exclude the Mira-type pulsations as the explanation of the RV variations. No additional significant periodicity was found in the residual RV after the orbital fit.
The rms residual after the orbital fit of HD 113996 is 39.3 m s
, which is about twice larger than that for the other K0 giants in this study. As mentioned earlier, it is not surprising that later spectral-type giant stars in general show larger intrinsic RV variations (HD 113996 is K5 III star). In fact, the typical intrinsic RV variation of K5 stars is larger than 50 m s intrinsic RV variations (Hatzes et al. 2015) .
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